Summary. A recent investigation of families containing two and three consecutive generations affecte6 with Type I (insulin dependent) diabetes mellitus has led to speculation that there is a second susceptibility gene, not linked to the major histocompatibility complex. These families differ in important respects from families which have provided the strongest evidence for HLA linkage, namely, families with two or more affected siblings. Computer simulations were designed to test the hypothesis that these two types of families were drawn from the same population of insulin dependent patients. The results indicate that this hypothesis is tenable and that the consecutive generation families probably failed to yield strong evidence for an HLA linked susceptibility gene because of ascertainment bias combined with probable incorrect specifications of the mode of inheritance of insulin dependent diabetes.
During the last decade it has become clear that diabetes mellitus can be subdivided into at least two independent disorders. Type I is characterized by early onset, dependency on exogenous insulin and a pronounced HLA association [1] . Type II is characterized by later onset, no exogenous insulin dependence and no HLA association. There is also a growing suspicion that Type I diabetes itself may be further subdivided into two aetiological disorders that share in common an early onset, insulin dependency and HLA associations [2, 3] . There appears to be no agreement, however, whether the Type I diabetes associated with HLA-Dw3-B8 bearing haplotypes is really any different from that associated with HLA-Dw4-B15 haplotypes [4] [5] [6] .
Recently, Barbosa et al. [7] have argued that there may be yet another type of Type I diabetes (IDDM) which is not linked to the HLA complex. Their claim is based on the analysis of two series of multiplex families. The first series, designated the MS families (multiple affected siblings), were "... ascertained to maximize the likelihood of dealing with a genetically homogenous form (or forms) of autosomal recessive IDDM" [7, p 597] . The second series of families, designated the MG families (multiple affected generations), were ascertained "... to maximize the likelihood of obtaining a homogenous type of disease within a family, on an autosomal dominant mode of inheritance" [7, p 592] . Evidence for their claim that the MS families are segregating an HLA linked form of the disease while the MG families are not can be summarized by the following findings. When analysed for HLA linkage the 21 MS families gave positive linkage results when Type I diabetes was treated as a recessive disorder with either partial or full penetrance [8] . By contrast, when the 28 MG families were analysed for HLA linkage by modelling Type I diabetes as dominantly transmitted, no compelling evidence was obtained, although as the penetrance of the susceptibility genotypes were allowed to decrease the evidence for linkage improved. Finally, when these same 28 MG families were reanalysed by supposing that Type I diabetes was recessively transmitted, they again failed to yield any compelling evidence for linkage.
On the basis of these observations Barbosa et al. [7] suggest that the difference between the MS and the MG families is "... compatible with a genetic difference between these two types of families and seems to confirm the theory of genetic heterogeneity in IDDM."
It is obvious that if there is a subset of Type I diabetic families segregating a dominantly transmitted form of the disorder, the sample of MG families obtained by Barbosa et al. [7] are more likely to con-0012-186X/81/0020/0524/$01.20 tain them than a randomly ascertained sample. However, in these data the ascertainment procedure through which the MG families were obtained precludes a test of this hypothesis.
We report here the results of a series of computer simulations designed to test the hypothesis that both the MS and MG families could have been drawn from the same homogenous Type I diabetic population. These simulations suggest that the inconsistent results obtained by Barbosa et al. [7] could be due to incorrect specification of mode of inheritance combined with ascertainment bias rather than due to genetic heterogeneity.
Methods

Family Structure
The structures of the 28 MG families reported by Barbosa et al. [7] are quite variable ranging in size from a four member-two generation family, to a 30 member -four generation family. Rather than
"Average" MG Family try to duplicate each family structure in our simulations, we elected to settle on an "average family"' (Fig. 1 a) .
Transmission Models
Since the genetics of Type I diabetes is unknown, it was important to select a range of transmission models which are parsimonious on other grounds. That is, the model should not only predict the prevalence of the disorder in the general population, but also the disorder's incidence in the relatives of probands. Unfortunately, estimates of the incidence of Type I diabetes in relatives vary greatly. Accordingly, we have selected five parameter sets that span the reported incidence rates. For the simulations reported here, the transmission model used assumes that Type I diabetes is determined by a two allele locus which gives rise to the phenotypes "affected" and "unaffected". The model contains four parameters, the gene frequency, q, of the "-" Type 1 diabetes susceptibility allele (p = 1 -q, is the frequency of its allelomorph, "+ "), and three penetrances denoted by fl, f2 and f3 corresponding to the respective genotypes + +, + --and ----. The parameters are chosen such that flp z + 2fapq + f3q z is the population prevalence of Type I diabetes which is assumed to be 1.6 • 10 -3 to make the present analysis comparable to that reported earlier [9] . The five parameter sets used to model the transmission of Type I diabetes in the simulated families were chosen such that the resulting concordance of monozygotic co-twins and the full siblings of probands -the two best studied classes -cover the range of reported rates [1, [10] [11] [12] [13] [14] [15] [16] . Table 1 lists the values of the parameters used and the resulting incidence rates in monozygotie co-twins and full siblings of probands. The distribution of these five transmission parameter sets with respect to the underlying additive and dominance variance components of the generalized single locus model is shown in Figure 2 [26, 27] . Table 1 (models A-E), families with the structure shown in Figure la were simulated by Monte Carlo methods until 28 families meeting the ascertainment criterion (that is, multiple affected generations) were obtained. Since for practical purposes the HLA complex is completely informative with respect to linkage, we assigned the HLA haplotypes in the simulations such that each parent had unique haplotypes. The probability of a crossover between the HLA marker and the Type I diabetic locus was determined for each of the five transmission models by selecting the reeombina- Table 1 . Parameter sets (q, fa, f2 and f3) of models A-E used to generate families for the simulations. Each parameter set is consistent with a population prevalence of 0.16% for Type I diabetes. Each parameter set will give rise to a different incidence of Type I diabetes in relatives of a proband. See [9] tion fraction that minimised the X 2 goodness-of-fit to published affected sib pair data [9, 17, 18] . The phenotype of person II-2, who marries into the family, was ignored in ascertaining the pedigrees. For each of the five transmission models in Table 1 the simultion of the 28 MG fatuities was repeated 10 times.
Linkage Analysis
Each of the ten replicates of the 28 MG families simulated under each of the five generating parameter sets was analysed for linkage under seven competing models (Table 2) . These include the correct "generating model" (G), five incompletely penetrant dominant models, and an incompletely penetrant recessive model (R). The incompletely penetrant dominant models are designated models 1, 3, 5, 7 and 9, corresponding to penetrances, that is, f2 and f3, equal to 0.1, 0.3, 0.5, 0.7 and 0.9, respectively. For model R the penetrance vector is 0, 0, V2 for fl, f2 and f3, respectively. In order to assure that the population prevalence remained constant for each "dominant" model, the gene frequency was fixed at q = 1 -~/(1 -K/F) where K, the population prevalence, is 0.0016 and F is the penetrance under the particular model 1-9. For the incompletely penetrant recessive model the gene frequency was fixed at q =~.
All analyses were performed with the computer program LIPED [19] using the lod score method. The tod score is the logarithm to the base 10 of the ratio of the likelihood of the sample (uncorrected for ascertainment) evaluated at some 0 and the likelihood of the sample evaluated at a recombination fraction of 0 = V,_ (~at is, under the hypothesis of no linkage). In a random sample 0, the value of 0 which gives the maximum lod score, is the recombination fraction that maximises the probability of obtaining the observed sample. A lod score of 3, for instance, means that the hypothesis of linkage is 103 times more likely than the hypothesis of no linkage. By convention, a lod score of 3 is taken as confirmation of linkage. Lod scores are sometimes referred to as Z-scores and we use both terms interchangeably.
Results
Analysis of Linkage in Families with Multiple Generations Affected
The lod score distribution obtained from each of the seven models used to analyse the data are reported in Figure 3 for the five generating parameter sets A-E. [9, 26] for further details ard against which to judge the other models, Figure 3 shows that models 1-9 consistently give poor results in the sense that they peak at a lower lod score mad uniformly yield estimates of the recombination fraction that are too large. Model R, by contrast, gives results virtually identical to the "correct" lod curves for parameter sets A and B. This is not too suprising since the penetrance vectors used to generate the A and B families are similar to the penetrance vector of model R. Data sets C, D and E, however, are progressively more "dominant" and for each of these model R becomes less adequate (Figs. 2 and 3) .
Analysis of Linkage in Families with Multiple Affected Siblings
One of the observations that led Barbosa et al. [7] to suggest that their MG families may have a different type of Type I diabetes than their MS families was the finding that, when analysed with model R, the MS families yielded strong evidence for HLA linkage whereas the MG families did not. Accordingly, we carried out one further set of simulations to determine if one of the generating parameter sets listed in Table 1 could produce results similar to those reported by Barbosa et al. [8] . "Average MS families" ,~(C) Fig. 3 . Each mean lod score curve was obtained by simulating MG families with parameter sets A to E and then analysing them with models G (the correct model), R (the incompletely penetrant recessive model -dashed curve), and 1-9 (the five incompletely penetrant dominant models). The lod score is the exponent of 10 which gives the likelihood of the hypothesis of linkage (at some 0) compared to the hypothesis of no linkage (that is, 0 = I/2). The curves were drawn by summing over all 280 MG families generated with a particular parameter set and dividing by 10 (the number of replicates) to obtain the mean curve that could be expected from a study of 28 such families (Fig. lb) were simulated as described above except that now the ascertainment rule required that neither parent be affected while requiring a minimum of two offspring to be affected. Since the results of the linkage analysis with models 1-9 and R generated under parameter set E best approximated the findings reported by Barbosa et al. [7] for their MG families we decided to simulate our MS families using parameter set E. After 21 families meeting the ascertainment criteria were generated, linkage analysis was carried out under three models, two used earlier (G and R), and a fully recessive model with a gene frequency of q = 0.04 which preserves the proper population prevalence. These simulations were repeated 20 times. Figure 4 displays the distribution of the maximum lod scores plotted against their O's for each of the 20 replicates. The mean maximum lods were found to be 2.91 (0 = 0.05), 2.69 (0 = 0.063) and 2.49 (0 = 0.194) for G, R and the fully penetrant recessive model, respectively.
Discussion
The simulations described above were designed to test the hypothesis that both the MS and the MG families could have been drawn from the same Type I diabetic population. In particular, we wanted to evaluate the possibility that the disparity in the linkage results from these two types of families could have been due to the methods through which they were ascertained combined with possible incorrect assignment of the mode of inheritance.
Since we treated 0 as the only unknown parameter, the maximum lod score from each replicate gives the maximum likelihood estimate of the true recombination fraction -had the families been randomly sampled. Maximum likelihood estimates are, in general, asymptotically unbiased. The families were not, however, randomly sampled and as a result it is difficult to determine if the bias is principally due to the ascertainment procedure or to the size of the sample. Any errors due to ascertainment bias, however, are compounded if the parameters defining the mode of inheritance are incorrectly specified. Reference to Figure 3 suggests the following three conclusions:
(1) Even when the correct mode of inheritance is known (model G), 28 MG families with the structure shown in Figure la generally will be insufficient to confirm linkage since none of the maximum mean lod scores (O's) are greater than 3.0. The generating model that is closest to Mendelian dominant transmission, model E, gave the lowest mean Z-score so that if Type I diabetes was transmitted in a similar fashion, more than 125 MG families would be required, on average, to confirm the linkage.
(2) When the data are analysed with the (incorrect) incompletely penetrant dominant models 1-9, the resulting Z-score distributions are qualitatively similar to those reported by Barbosa et al. [7] . That is, in every case asf 2 = f3 --~ 0, the lod score increases and, as expected, 0 becomes smaller. Even under the "best" model, that is, when f2 = f3 = 0.1, the maximum lod score remains small, however.
(3) When the data are analysed with the (incorrect) incompletely penetrant recessive model R, mean lod scores are obtained which for two generating sets, A and B, attain a larger maximum lod score than obtained under the correct models. Indeed, with the exception of parameter set E, model R presents stronger evidence for linkage than models 1-9 despite the fact that the families were ascertained to appear "dominant". The fitting of model R to the families generated under parameter set E gave results similar to those reported by Barbosa et al. [7] .
When parameter set E is used to generate MS families, which in terms of their configuration appear "recessive", the evidence for HLA linkage is considerably stronger than obtained from the larger number of MG families. It is instructive to note, however, that the maximum mean lod score and its corresponding 0, for the divergent models G (read E) and R, give essentially identical results. This finding suggests that while families with multiple affected siblings may be informative for detecting linkage, they may provide little discrimination between cornpeting models of transmission. This may explain why some investigators have concluded that susceptibility to Type I diabetes is dominant [21, 22 ] while others have concluded that it is recessive [23, 24] .
There are a number of specific differences between the types of families we have simulated and those reported by Barbosa et al. [7] and these differences should be considered when interpreting our results. Firstly, in their analysis Barbosa et al. [7] assumed that the population prevalence of Type I diabetes is 0.189% [25] , whereas we chose to generate families under a population prevalence of 0.16% so that results could be directly compared to an eartier analysis [9] . In terms of the incorrect models used to analyse the linkage data, the above difference in assumed population prevalence gives rise to a negligible difference in the gene frequency. Secondly, our simulation did not allow for variable age of onset. That is, our simulations assume that all persons are through their risk period so any unaffected persons will remain unaffected. In their study, however, there are many individuals who have not yet passed through the risk period and some of these can reasonably be expected to become affected in the future. Indeed, approximately 50% of the unaffected persons in the MG families of Barbosa et al. [7] have yet to complete their third decade.
Perhaps the most important difference between our simulations and the real data is that we elected to generate our MG and MS families under an "average" fixed structure. While this decision simplified the simulations, it is probably the case that large kindreds carry proportionally greater information for detecting linkage than do smaller families even when the total number of persons is held constant.
In the original description of their MS families Barbosa et al. [20] conjectured that the transmission of Type I diabetes is quasi-dominant. They offered a diathesis-stress model that posits a single Type I diabetes susceptibility allele which, in heterozygotes, gives rise to the disorder only in the presence of sufficient environmental stimuli. Homozygotes for the susceptibility gene, however, were hypothesized to display Type I diabetes in the presence of a much lower environmental loading. In terms of the generalized single locus model used here, their original conjecture would translate into a penetrance vector similar to that of parameter set E. That is, a very low fl accounting for sporadic cases, an fe which, while low, nonetheless accounts for most of the Type I diabetic cases, and an f3 which approaches 100% but only accounts for a small percentage of patients due to the low frequency of the susceptibility gene. It is interesting to note that with respect to linkage analysis of just affected sibling pairs, parame-ter sets in the vicinity of point E give the lowest goodness-of-fit X 2 [9] .
The remarkably close agreement between the results obtained from parameter set E and those reported by Barbosa et al. [7] should not be interpreted to mean that parameter set E is "correct". Indeed, we suspect that any parameter set in the vicinity of E would yield similar results. What the simulations do suggest, however, is that the linkage results obtained by Barbosa et al with the MS families [8] and their MG families [7] are compatible with the hypothesis that the insulin dependent diabetes mellitus in these families is determined by the same incompletely penetrant locus linked to the HLA complex. These findings need not be interpreted as proving that there are no non-HLA linked Type 1 diabetes susceptibility genes. They only suggest that the MG families, as ascertained and analysed, fail to provide the needed confirmation.
